The four and a half LIM domains 1 (FHL1) gene has been related to carcinogenesis. However, the expression status of FHL1 in human oral squamous cell carcinoma (OSCC) remains unclear and the detailed mechanism of gene silencing is poorly understood. The aim of this study was to examine the FHL1 expression level and its regulatory mechanism in OSCCs. Quantitative reverse-transcriptase-polymerase chain reaction (PCR) and western blotting showed significant downregulation of FHL1 in all OSCC-derived cell lines (Sa3, HSC-2, HSC-3, HSC-4, HO-1-u-1, HO-1-N-1, KON and Ca9-22) compared to human normal oral keratinocytes. We also found that FHL1 mRNA expression was frequently downregulated (P<0.01) in 51 (86.4%) of 59 primary OSCCs compared with the corresponding normal oral tissues, while there was no significant difference between the status of the FHL1 protein expression in OSCCs and the clinicopathological features. Using methylationspecific PCR, we detected methylated FHL1 in all cell lines and treatment with the DNA methyltransferase inhibitor, 5-aza-2'-deoxycytidine restored the FHL1 expression. However, no significant restoration of FHL1 expression was observed using sodium butyrate, an inhibitor of histone deacetylase and chromatin immunoprecipitation showed that histone H3 lysine 9 in the FHL1 promoter region was significantly acetylated. In addition, no mutation in the entire coding region of the FHL1 gene was found. Therefore, our data suggested that inactivation of the FHL1 gene is a frequent event during oral carcinogenesis and that the mechanism of FHL1 downregulation in OSCCs is through DNA methylation of the promoter region rather than histone deacetylation or mutation.
Introduction
Head and neck squamous cell carcinoma (HNSCC) is one of the most frequently occurring malignancies and a major cause of morbidity and mortality (1, 2) . Oral cancer is the most common among the HNSCCs and the most frequently occurring oral cancer is squamous cell carcinoma (OSCC), which accounts for more than 90% of all oral malignancies (3) . The number of OSCC cases that occur worldwide annually exceeds 300,000 (4) . The mechanisms behind tumor progression of OSCC are known to a limited extent, indicating a clear need for comprehensive knowledge that can lead to more specific and effective molecular target.
Microarray technology facilitates simultaneous evaluation of thousands of genes in a specimen. The results of microarray analysis provide researchers with high throughput screening to study the roles played by specific genes in cancer development and progression. We previously reported gene expression profiling of OSCC to identify cancer-related genes (5, 6) .
The four and a half LIM domains (FHL) family of genes is characterized by LIM domains, a term derived from the first letters of three transcription factors: Lin-11, Isl-1 and Mec-3. Because the LIM domains provide protein-protein binding interfaces, the FHL genes play an important role in cellular events such as focal adhesion and differentiation by repressing or activating target protein (7) . FHL1 protein is highly expressed in skeletal muscle, where it localizes to sarcomeres and sarcolemmas (8) and is expressed at intermediate levels in cardiac muscle (9, 10) . The molecules associated with intercellular adhesion might be inhibited during tumor progression (11) . Accordingly, the expression of the FHL family member FHL1, located on human chromosome Xq26, was downregulated in various types of malignancies including lung, prostate and breast cancer (12) .
Epigenetic alterations including hypermethylation of the promoter regions are consistent and early events in neoplastic progression. Such alterations are thought to contribute to the neoplastic process by transcriptional silencing of tumor suppressor gene expression. DNA methylation is reversible because it does not alter the DNA sequence; however, it is heritable from cell to cell (13) . Epigenetic mechanisms have emerged recently as major determinants of gene expression and are implicated in the regulation of complex differentiation and developmental processes, both under physiologic and pathological conditions. In addition to hypermethylation of the promoter regions, histone modification, particularly histone acetylation, is a key factor in epigenetic regulation (14) . Histone deacetylation, which is associated with a repressed chromatin state, is tightly controlled by two classes of enzymes, histone acetyltransferases and histone deacetylases (HDAC) (15) . Inhibitors of HDAC display anti-cancer activities and are, therefore, of growing clinical interest (16) .
In the present study, we showed that FHL1 is significantly downregulated in the OSCC-derived cell lines and tissue samples from patients with OSCC and the methylation status was significantly higher in OSCC specimens than in human normal oral keratinocyte (HNOK) specimens. Treatment with the DNA methyltransferase inhibitor, 5-aza-2'-deoxycytidine (5-aza-dC) restored FHL1 mRNA expression in the OSCCderived cell lines. In contrast, no significant restoration of FHL1 expression was observed when using sodium butyrate (NaB), a histone deacetylase inhibitor and the FHL1 promoter region was significantly acetylated in the OSCC-derived cell lines. Direct sequencing did not detect any mutation in the entire coding region of the FHL1 gene. These results suggested that downregulation of FHL1 expression in OSCC-derived cell lines and HNOKs is correlated with DNA hypermethylation of the FHL1 promoter region.
Materials and methods
Ethics statement. All patients provided informed consent after the study protocol was explained. The institutional review board of Chiba University approved the study.
OSCC-derived cell lines and tissue specimens. The HSC-3, HO-1-N-1 and KON cell lines, derived from human OSCCs, were purchased from the Human Science Research Resources Bank (Osaka, Japan). The RIKEN BRC provided the Sa3, HSC-2, HSC-4, HO-1-u-1 and Ca9-22 cell lines through the National Bio-Resource Project of the MEXT (Ibaraki, Japan). Short tandem repeat profiles confirmed cell identity. Primary cultured HNOKs were obtained from three healthy donors and served as the normal controls (17) (18) (19) (20) (21) . All cells were grown in Dulbecco's modified Eagle's medium (Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum (Sigma) and 50 U/ml penicillin and streptomycin (Sigma).
Tissue samples from 59 unrelated Japanese patients with primary OSCCs who were treated at the Chiba University Hospital were obtained during surgical resection. The resected tissues were divided into two parts, one of which was frozen immediately and stored at -80˚C until RNA isolation and the second was fixed in 20% buffered formaldehyde solution for pathologic diagnosis and immunohistochemistry (IHC). Histopathologic analysis of the tissues was performed according to the World Health Organization criteria by the Department of Pathology, Chiba University Hospital. Clinicopathologic staging was determined by the tumor-node-metastases classification of the International Union Against Cancer. All patients had OSCC that was confirmed histologically and tumor samples were checked to ensure that tumor tissue was present in >90% of the specimen.
Preparation of cDNA. Total RNA was isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. cDNA was generated from 5 µg of total RNA using Ready-To-Go You-Prime First-Strand Beads (GE Healthcare, Buckinghamshire, UK) and oligo(dT) primer (Hokkaido System Science, Hokkaido, Japan), according to the manufacturer's instructions. for extension. Following the amplification phase, a cooling step was performed at 50˚C for 30 sec. The transcript amounts for the target genes were estimated from the respective standard curves and normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (forward 5'-GCTCTCTGCTCCTCCTGTTC-3' and reverse 5'-ACGACCAAATCCGTTGACTC-3') transcript amount determined in corresponding samples. All amplifications were repeated three times using cDNA prepared from three independent experiments.
Protein extraction. The cells were washed twice with cold phosphate-buffered saline (PBS) and centrifuged briefly. The cell pellets were incubated on ice for 30 min in a lysis buffer (7 M urea, 2 M thiourea, 4% w/v CHAPS and 10 mM Tris pH 7.4) with a proteinase inhibitor cocktail (Roche Diagnostics). The protein concentration was measured with Bradford reagent (Bio-Rad, Richmond, CA).
Western blot analysis. Protein extracts were electrophoresed on 4-12% Bis-Tris gel, transferred to nitrocellulose membranes (Invitrogen) and blocked for 1 h at room temperature in Blocking One (Nacalai Tesque, Kyoto, Japan). The membranes were washed three times with 0.1% Tween-20 in Tris-buffered saline and incubated with 0.1 µg/ml rabbit anti-FHL1 polyclonal antibody (Aviva Systems Biology, San Diego, CA) overnight at 4˚C. The membranes were washed again and incubated with a 1:2,500 of anti-rabbit IgG (H+L) horseradish peroxidase (HRP) conjugate (Promega, Madison, WI) as a secondary antibody for 1 h at room temperature. The proteins were detected by SuperSignal Chemiluminescent substrate (Thermo, Waltham, MA). Finally, the western blot analysis results were visualized by exposing the membrane to a cooled CCD camera system, Light-Capture II (ATTO, Tokyo, Japan). Signal intensities were quantitated using the CS Analyzer version 3.0 software (ATTO).
IHC. IHC of 4-µm sections of paraffin-embedded specimens was performed using rabbit anti-FHL1 polyclonal antibody (Aviva Systems Biology). Briefly, after deparaffinization and hydration, the slides were pretreated in 10 mM sodium citrate buffer (pH 6.0) in a microwave oven for 5 min at 95˚C. The endogenous peroxidase activity was quenched by a 30-min incubation in a mixture of 0.3% hydrogen peroxide solution in 100% methanol, after which the specimens were blocked for 1 h at room temperature with 1.5% blocking serum (Santa Cruz Biotechnology, Santa Cruz, CA) in PBS before reaction with anti-FHL1 antibody (4.0 µg/ml) at 4˚C in a moist chamber overnight. Upon incubation with the primary antibody, the specimens were washed three times in PBS and treated with Envision System-HRP Labeled Polymer (Dako, Carpinteria, CA) followed by color development in 3,3'-diaminobenzidine tetrahydrochloride (Dako). The slides were then lightly counterstained with hematoxylin, dehydrated with ethanol, cleaned with xylene and mounted. To quantify the state of FHL1 protein expression in those components, we used IHC score systems described previously (18, (22) (23) (24) (25) (26) (27) (28) (29) (30) . Briefly, the stained cells were determined in at least five random fields at magnification x400 in each section. The intensity of the FHL1 immunoreaction in the cells was scored as follows: 1+, weak; 2+, moderate; and 3+, intense. The cell number and the staining intensity then were multiplied to produce an FHL1 IHC score. Cases with a score exceeding 36.5 (±3 standard deviation) (SD) score for normal tissue) were defined as FHL1-positive. The ±3 SD cutoff, which statistically is 0.2% of the measurement and is expected to fall outside this range, was used because it was unlikely to be affected by a random experimental error produced by sample manipulation (31) . Two independent pathologists, both of whom were masked to the patients' clinical status, made these judgments.
Cell culture and 5-aza-2'-deoxycytidine treatment. To assess reactivation of FHL1 gene expression, OSCC derived cell lines were treated with different concentrations (0 and 2 µM) of the DNA methyltransferase inhibitor, 5-aza-dC (Wako, Osaka, Japan). On day 7, the cells were harvested, total RNA was extracted and qRT-PCR was performed (19) .
Methylation-specific PCR. To determine if methylation of a CpG island of the FHL1 promoter region contributes to the mRNA expression of FHL1, DNA samples obtained from OSCCderived cell lines were applied for the methylation-specific PCR (MSP) assay. Bisulfite conversion was carried out using the EZ DNA Methylation Direct kit (Zymo Research, Orange, CA) according to the manufacturer's instructions with the following modifications. Briefly, 1x10 5 cells of genomic DNA was denatured by the addition of digestion mixture, which contained 13 µl of M-Digestion Buffer (Zymo Research), 6 µl PCR grade water and 1 µl Proteinase K (Zymo Research). After incubation at 50˚C for 20 min, the 20 µl sample was added to 130 µl of CT Conversion Reagent (Zymo Research) in a PCR tube. The tubes were placed in the thermal cycler (Applied Biosystems, Foster City, CA) for 8 min at 98˚C for DNA denaturation and 3.5 h at 64˚C for bisulfite conversion. The modified DNA then was desalted, purified using Zymo-Spin IC Column (Zymo Research) and eluted with 10 µl elution buffer. Bisulfite modified DNA was used as a template and then MSP was performed. The primers for MSP were designed using MethPrimer software (http:// www.urogene.org/methprimer) (32) . The primer sequences were: FHL1 methylated forward, 5'-GTAAGTTATCGGGTTT CGAAGTC-3'; FHL1 methylated reverse, 5'-ACAACCAAATA AAAATAACGTCTCG-3'; FHL1 unmethylated forward, 5'-TGTAAGTTATTGGGTTTTGAAGTTG-3'; and FHL1 unmethylated reverse 5'-AACCAAATAAAAATAACATCTC ACC-3'. The PCR reactions were performed in a final volume of 25 µl containing 50 ng of digested DNA, 0.3 µM of each specific primer, 0.25 µl of 100Χ SYBR ® Green I and 0.6 µl of MSP Enzyme (Takara Bio, Shiga, Japan). PCR amplification was carried out at 95˚C for 30 sec, 40 cycles at 98˚C for 5 sec, 55˚C for 30 sec and 72˚C for 1 min. The amplified PCR products were separated on 10% polyacrylamide gel and visualized by ethidium bromide after the run. EpiScope ® Methylated HeLa Genomic DNA (Takara Bio) was used as a positive control for methylated alleles. HNOKs genomic DNA was used as a negative control for unmethylated genes (19, 33) .
Treatment with HDAC inhibitor and chromatin immunoprecipitation. OSCC-derived cells were treated with a NaB, an HDAC inhibitor, NaB (Wako). All OSCC-derived cell lines were plated at 50% confluence and treated with 5.0 mM of NaB. After a 24-h incubation, total RNA was isolated from OSCC-derived cell lines and qRT-PCR was performed.
Chromatin immunoprecipitation (ChIP) assays for histone acetylation and histone methylation were performed using an EpiScope ChIP Kit (anti-mouse IgG) (Takara Bio) according to the manufacturer's instructions. The OSCC-derived cell lines (5x10 6 cells in a 10-cm dish) were cross-linked with 10 ml of 1% formaldehyde in medium for 5 min at room temperature and then incubated in 2.1 ml Quenching Solution (Takara Bio) in medium for 5 min. After rinsing cells with PBS, 1 ml of PBS was added to harvest cells using a cell scraper. The cells were collected by centrifugation (180 g, 3 min, 4˚C) and resuspended in 1 ml Cytoplasmic Lysis Buffer (Takara Bio) sheared with a Biomic 7040 Ultrasonic Processor (Seiko, Tokyo, Japan) to obtain 200-1,000-bp fragments. After centrifugation (15,000 g, 3 min, 4˚C) to remove insoluble materials, 600 µl of dilution buffer (Takara Bio) was added to the supernatant. For cross-linked ChIP, 200 µl of Magnosphere™ anti-mouse IgG (Takara Bio) was washed with RIPA Buffer-1 (Takara Bio), incubated with antiacetyl histone H3 lysine 9 (4 µg) (H3K9ac), mouse monoclonal antibody (MAB Institute, Hokkaido, Japan), anti-monomethyl histone H3 lysine 9 (4 µg) (H3K9me), mouse monoclonal antibody (MAB Institute), or control antibody (4 µg) (normal goat IgG, Santa Cruz) in a 2-µl proteinase inhibitor cocktail (Takara Bio), 20 µl 10X EASY Dilution (Takara Bio) and 54 µl RIPA Buffer-1 overnight at 4˚C with rotation. After two washings with 800 µl RIPA Buffer-1, an aliquot of ChIP input (10 µl) was incubated with Magnosphere anti-mouse IgG overnight at 4˚C with rotation. The beads were washed sequentially with 800 µl of RIPA Buffer-1, 800 µl of RIPA Buffer-2 and 800 µl of TE (Takara Bio) handled with a magnetic stand (Takara Bio). After removing the TE, the beads were mixed with 100 µl chelate resin and incubated for 15 min at 95˚C to reverse cross-linking. The samples were treated with 1 µl Proteinase K and 1 µl RNase A (Takara Bio) and incubated for 15 min at 65˚C and boiled at 95˚C for 10 min to deactivate the proteinase K. After centrifugation (15,000 g, 1 min, 4˚C) the supernatant was collected. Each sample was analyzed by qRT-PCR and the results were expressed as percentages of the input DNA. The primer sequences were FHL1 promoter forward: 5'-TACTAAGGGGAGGGGTCGTC-3' and FHL1 promoter reverse: 5'-GAGGTGGGAGCAACAAAGAC-3' (34, 35) .
Mutation analysis. To screen the sequence variations of the FHL1 gene, direct DNA sequencing was performed as described previously (10) . Fragments encompassing each of the six coding exons (exons 2-7) of FHL1 and their corresponding splice junctions were amplified (primer sequences in Table I ). Amplifications were performed with FastStart Taq polymerase as described. Sequencing reactions were carried out using BigDye V3.1 Cycle Sequencing kit (Applied Biosystems) with the same forward primers as for PCR amplification and sequencing products were electrophoresed on an ABI PRISM 3130xl Genetic Analyzer (Applied Biosystems). PCR amplification was carried out with an ABI 7500 Real-Time PCR system (Applied Biosystems) under the following conditions: an initial denaturation step at 95˚C for 10 min, 40 cycles of 95˚C for 15 sec and 60˚C for 1 min and a final extension for 1 min.
Statistical analysis. The statistical significance of the FHL1 expression levels was evaluated using Fisher's exact test or Mann-Whitney U test. P<0.05 was considered statistically significant. The data are expressed as the mean ± standard error of the mean.
Results

Evaluation of FHL1 mRNA and protein expression in OSCCderived cell lines.
To investigate mRNA and protein expression of FHL1 identified as a cancer-related gene in our previous microarray data (6), we performed qRT-PCR and western blot analyses using eight OSCC-derived cell lines (Sa3, HSC-2, HSC-3, HSC-4, HO-1-u-1, HO-1-N-1, KON and Ca9-22). FHL1 mRNA was significantly (Fig. 1 , * P<0.01) downregulated in all OSCC-derived cell lines compared to the HNOKs. Representative results of the western blot analysis are shown in Fig. 1 . The molecular weight of the FHL1 was 32 kDa. Mouse skeletal muscle lysate was used as a positive control. A significant decrease in FHL1 protein expression was observed in all OSCC-derived cell lines compared to the HNOKs.
Evaluation of FHL1 expression in primary OSCCs.
We measured the FHL1 mRNA expression levels in primary OSCCs and paired normal oral tissues from 59 patients. Similar to the data from the OSCC-derived cell lines, qRT-PCR analysis showed that FHL1 mRNA expression was downregulated in 51 of 59 (86.4%) primary OSCCs compared to the corresponding normal oral tissues (Fig. 2) . The relative mRNA levels in the normal oral tissues and primary OSCCs ranged from 0.61 to 32.24 (median 8.02) and 0.09 to 7.81 (median 1.49), respectively (P<0.01). We analyzed FHL1 protein expression in primary OSCCs using the IHC scoring system. The FHL1 IHC scores of normal oral tissues and OSCCs ranged from 36.5 to 260.8 (median 160.0) and 35.0 to 181.5 (median 45.0), respectively. The IHC scores in primary OSCCs were significantly (P<0.01) lower than in normal oral tissues (Fig. 2) . Representative IHC results for FHL1 protein in normal oral tissue and primary OSCCs are shown in Fig. 3 . Strong FHL1 immunoreactivity was detected in the cytoplasm of the basal cell layers in normal tissue, whereas the OSCCs showed almost negative immunostaining. The correlations between the clinicopathologic characteristics of the patients with OSCC and the status of the FHL1 protein expression level are shown in Table II . There was no significant difference between the frequency of FHL1-negative cases and clinicopathologic features.
Methylation analysis.
To investigate the mechanisms responsible for downregulation of FHL1 expression, we analyzed the methylation status of the FHL1 promoter region in the OSCCderived cell lines. FHL1 promoter methylation was detected in all cell lines (Fig. 4) . To further study the consequences of loss of expression of FHL1 in association with hypermethylation at the promoter region, the OSCC-derived cell lines, which showed methylation and transcriptional inactivation of FHL1, were treated with 5-aza-dC. Significantly (P<0.02) upregulated expression of the FHL1 gene was observed after 5-aza-dC treatment in all eight cell lines (Fig. 5) .
Effects of NaB on FHL1 expression. OSCC-derived cells were treated with NaB to assess the effects of an HDAC inhibitor on FHL1 expression. In the Sa3, HSC-2 and HO-1-N-1 cell lines, FHL1 was significantly (P<0.05) upregulated after treatment with NaB for 24 h compared to the untreated cells. There were no significant changes in the other cell lines (Fig. 6) .
Histone 3 modification in OSCC cell lines. Because FHL1 hypermethylation was detected in OSCC-derived cell lines, we examined histone modification as another mechanism responsible to FHL1 silencing in OSCCs. We conducted ChIP of acetyl histone H3 at lysine 9 (H3K9ac) and monomethyl histone H3 at lysine 9 (H3K9me) in all cell lines and found significant enrichment of H3K9ac and H3K9me at the promoter region of FHL1 in OSCC-derived cell lines (Fig. 7) .
Mutational analysis. We screened DNA samples obtained from HNOKs and eight OSCC-derived cell lines by direct sequencing. No band shifting was detected in any exons of the FHL1 gene. 
Discussion
We found that FHL1 was significantly downregulated at the mRNA and protein level in the human OSCC-derived cell lines and primary OSCCs. Treatment with DNA methyltransferase inhibitor 5-aza-dC restored FHL1 expression in all OSCC-derived cell lines. The promoter region of FHL1 DNA methylation also was detected in these cell lines. In contrast, Table II . Correlation between the expression of FHL1 and clinical classification in OSCCs.
Results of immunostaining
No. of patients (%) level and molecular function of FHL1 in OSCCs have not been clarified. Since many tumor suppressor genes silenced by DNA methylation have been identified in primary OSCC tissue samples, we hypothesized that FHL1 expression is downregulated by promoter hypermethylation and that FHL1 functions as a tumor suppressor in OSCC-derived cell lines.
Hypermethylation of the promoter regions of various genes has been recognized as one of the most frequent mechanisms causing loss of gene function. Several studies have reported an association between aberrant DNA methylation and carcinogenesis (39) (40) (41) . However, the association between epigenetic changes and cancer etiology needs to be elucidated.
Several studies have reported a link between DNA methylation and histone acetylation in which a family of methyl-CpG-binding proteins is involved (42) . Chromatin modifications are one of the molecular mechanisms that mediate epigenetic regulation (43) . Of them, HDACs, the chromatin-modifying enzymes, remove the acetyl groups, leading to chromatin condensation and repres- sion of transcription (44) . A HDAC inhibitor also is involved in the expression of several genes. In the present study, after treatment of OSCC-derived cell lines with the HDAC inhibitor, NaB, FHL1 transcription was restored in three of eight cell lines. However, the ChIP assay showed that in OSCC-derived cell lines, there was significantly enriched H3K9ac in the FHL1 promoter region. These findings indicated that FHL1 expression in the OSCC-derived cell lines was controlled by epigenetic silencing of aberrant DNA methylation.
The present study suggests that downregulation of FHL1 expression in OSCC-derived cell lines is correlated with CpG hypermethylation of the FHL1 promoter region rather than histone deacetylation or mutation. This agreed with our initial hypothesis that the FHL1 promoter region is hypermethylated in OSCCs. In this context, with accumulating knowledge of the mechanism of inactivation of tumor suppressor genes, abnormal methylation at the promoters of the tumor suppressor genes is another mechanism that suppresses gene activity. In conclusion, our results suggested that downregulation of FHL1 during OSCC development and DNA methylation might play a role in gene inactivation. Further studies with more clinical samples will improve our ability to diagnose, prevent and treat this neoplasm.
